By making use of a simple model for the nuclear deformation, the neutron number dependence of the form factors for inelastic scattering and two-neutron transfer processes are discussed for even-even deformed nuclei in the rare earth region. The form factor amplitudes are expressed in terms of the Legendre polynomials, whose argument is a function of the neutron number. It is easy to understand, in the perturbative sense, a neutron number dependence of the interference between the direct and two-step processes observed in (p, t) reactions leading to the 0, + and 2, + states. The interference for the 2, + state in deformed nuclei shows a striking parallelism with that for the quadrupole vibrational state in spherical nuclei. § 1. Introduction It has been shown that the two-neutron transfer reactions on deformed nuclei 1 l can be well described in terms of the coupled-channel Born approximation (CCBA), 2 l which includes the effect of multi-step processes via inelastic scattering. It has also been dezywnstrated that the same is ;true in the case of the two-neutron transfer reactions leading to the collective vibrational state in spherical nuclei. 3 
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The purpose of the present paper is to explain,. in the perturbative sense, the neutro"n number dependence of the interference between direct and two-step processes in the (p, t) and ( t, p) reactions leading to the ground band members in even-even deformed nuclei in the rare earth region. The explanation applies equally well to other deformed nuclei. The interference observed in the (p, t) reactions, leading to the 21 + state in the spherical vibrational nuclei has been treated by Udagawa and coworkers. 3 l· 5 l· 6 l They have pointed.ouel.al in the framework of the quasiparticle RPA that a neutron number dependence of the form factor amplitudes originates from the dynamical role of the ground state correlations and the gross neutron number dependence of the occupation coefficients vv and uu, and that the number dependence of the form factor amplitudes provides .an explanation to the sign change of the interference observed in the middle of a major shell.
In § 2, the transition amplitude for the A(p, t)B reaction is given in a secondorder perturbative form of the CCBA description. In this procedure, it is shown that the amplitude of the core-excitation model studied by Kozlowsky et aFl is *l Work supported in part by the Japan Society for the Promotion of Science. cancelled by the so-called channel non-orthogonality correction term. 8 > In § 3, the neutron number dependence of the form factors-for inelastic scattering and twoneutron transfer processes is discussed. The neutron number dependence of the interference between direct and two-step processes is discussed in § 4. § 2. Transition amplitude
In this section, the transition amplitude for the A (p, t) B reaction will be obtained up to the second order by following the CCBA description. 2 > The perturbative form makes it easy to discuss the interference between direct and twostep processes in § 4. A conspicuous relation between the two famous models, i.e., the core excitation model studied by Kozlowsky et aF> and the CCBA amplitude in its perturbative form will also become clear in the following discussion.
The .CCBA transition amplitude may be expressed as (1) involve both elastic and inelastic scattering ones. The distorted wave for the proton channel may be written in the perturbative form as + ....
Here Xi denotes the elastic wave for the spherical optical petential Ui;
The potential Ui is assumed to satisfy .the condition 
(9a)
Here in deriving the expression (9b), i.e., the so-called channel non-orthogonality correction term, 8 ) we have used the identity
If we employ the perturbative approach to the coupled-channel formalism, 8 ) we also Hereafter we may rely only on the transition amplitude (5). It is noted that if the kinematical conditions such as the incident energies and reaction Q-values are the same, the major factors which determine the degree of interference 'between direct and multi-step processes are the form factors for inelastic scattering and two-neutron transfer processes. The interaction matrix element for the two-neutron transfer process can be written under the zero-range approximation 9 ) as (11) ·For the inelastic scattering process, we employ the derivative of the , Saxori-Woods form [s-w(R) as a unit form factor 10 ) and the deformation parameter (3~. as its amplitude:
In the following section,, we also introduce a unit form factor for the twocneutron transfer process, which considerably simplifies the discussion~ § 3. ~eutron number dependence of the form factors
By making use of the adiabatic rotational wave functionsw for the ground band members in deformed nuclei, the reduced matrix element of a tensor operator T," can be written as
The wave function I xo) describes the motion of particles in the intrinsic deformed fields. It IS therefore sufficient to evaluate the matrix element in the intrinsic frame.
We first notice .a suggestive discussion of the form factor amplitudes for two-.neutron .transfer processes made by Broglia et al.12l The motion of particles is described in terms of the pairing plus Nilsson model. The amplitude of the radial form factor F, (R) for the two-neutron transfer process in Eq. (11) is approximately proportional to the neutron pairing mome~ti 2 J,JaJ with the multipolarity A, i.e.,
Fh (R) /Fh
Here i denotes the deformed single particle orbit and v, (u,) IS the occupation- For deformed nuclei with the neutron number 82<N<126, the unit form factor may be chosen, .in the 0-s approximation, to be the harmonic oscillator wave function UNmax,h(.,j'2R) with the principal quantum number Nmax= -A/2+5 and the angular momentum A. The pairing strengths in Eq. (14) are determined by the distribution of the single particle moments around the Fermi surface. The par--ticle-hole moments are given by a sum over the single particle multipole moments
i ·and R 0 beip.g the nuclear radius.
The multipole particle-hole moments are regarded as the important infprmation on the nuclear spectroscopy. If we assume that the proton-and neutron-fields have the same shape, .we may obtain the information on the_ neutron pairing moments, Eq. (14), by differentiating the multi pole moments, Eq. (15) , with respect to the neutron number. The confirmation of the above statement on the relation between the pairing and particle-hole moments, however, requires dynamical aspects on the nuclear deformation, i.e., the detailed knowledge on the deformed singlt(-particle basis and the occupation coefficients~ *J In the following, we employ a macroscopic approach to the neutron number dependence of the fqrm factors.
The experimentally observed systematics of the. multipole moments are shown For the higher moments, we employ the data on the inelastic sc'attering of aparticles with the second-order scale correction. 15 >.ta> It is rioted that some numerical discrepancies still remain between the Coulomb excitationm and inelastic scattering measurements 16 > for the hi~her moments.
The experimental data may allows us to introduce a simple model of the axially-symmetric nuclear shape. 18 > By using the experimental deformation parameters for some deformed nuclei, we plot the additional mass distribution JM(()) above the sphere of inner core with a radius R 1 as a function of the polar angle () in Fig. 2 (a) . The additional mass distribution JM(()) is defined as where (17) R 0 being the nuclear radius. The results may be interpreted m terms of the shell model language that the residual interactions tend to correlate the particles spatially and that in the process of filling a major shell, added particles are placed in orbitals as close to the symmetry axis in the intrinsic frame as possible. From the above considerations, we· may employ a simple model of the nuclear shape, i.e., a spherical core with two polar caps. The constant thickness JR of the polar caps sharply falls off at a polar angle () = cos-1 JL. The corresponding additional mass distribution JM(()) is shown in Fig. 2(b) . Then, the 2'-pole mass moment should go as (18) where (19) and (20) Here R 1 and R 2 are the nuclear radii of the inner and outer closed shells, respectively. The solid lines in Fig. 1 
The fits to the experimental data still remain fairly good. For the nucleus with A=152, we have also shown the curve with the hexadecapole deformation pa· rameter P'•=0.120which is deduced from the Coulomb excitation measurement."l In Fig. 2(b) , we show the corresponding mass distribution from the present sharp cut-off model. Now we can discuss the form factor amplitude for two-neutron transfer processes as a function of the neutron number lV. Our model for the nuclear deformation assumes that the difference in the nuclear matter distribution between target and residual nuclei, Lip (R, (), ¢), is localized at the polar angle () = cos-1 fJ. in the surface region, -i.e., d
Lip (R, (), ¢) oc-~s~w(R) iJ (cos()-!J.).
dR (22) The center-of-mass motion of the transferred two-neutrons may also be described by the right-hand side of Eq. (22) . Then the ·form factor for each multi pole transfer process can be obtained by noticing the relation ~(cos e-p.) = ,E.J (2; .. + 1)n-P.,, (p.) Y,He, ¢).
1.
.
(23).
It is found that the amplitude of the form factor F,(R) is proportional to the ~egendre polynomial P1. (fl.) as a function of the neutron numb'er N, i.e., d
F., (R) ocP, (p.)-fs-w(R).
dR (24) Here the derivative of the Saxon-Woods form works as a unit form factor. The argument fJ. is the same one as defined in Eq. , (21) .. Though the radial dependence of the form factors F, (R) in Eq. (24) should be modified in the elaborate calculations, the gross neutron number dependence of their amplitudes may be unchanged.
It is interesting to note that the neutron number depende'nce of the form factor .amplitude, i.e., P~. (p.), is also obtained by differentiating the multi pole moment {1~., Eq. (18), with respect to the neutron ·number N. In Fig. 3 are shown the systematics of the for,m factor amplitudes for A= 0; 2 and 4, which are all normaliz-· ed to unity at the beginning of the shell. · If we assume the aligned coupling scheme in the single.j model, we can obtain the same results by making ·use of the classical relation: The results obtained in this section on the amplitudes of the inelastic and two-neutron transfer processes are in good agreement with those of the elaborate calculations based on the pairing plus Nilsson model given in Refs. 15) and 19) , and Refs. 20) '"'- '22) , respectively. ·It may be interesting to note that the twoneutron transfer study· shows a parallelism with the a-decay studies. 28 > Recent ·data on. acdecay from nuclei in the actinide region 24 > shows the polar angle dependence·ofthe ratio of the reduced widths, Wa(21+)/Wa(O/), though the corresponding polar angles are limited to low values, i.e., 0<8-::::;nj 4. § 4. Interference between the direct and two-step processes With the knowledge obtained above, we can discuss the neutron number dependence of interference in two-neutron transfer reactions in general. However, the following discussion will be limited to .the nature of interference for the Og + and 21 + states since only· the low~r multi pole transitions, e.g., those with A. <2, are expected to play a dominant role in determining the cross sections. We rely on the second-order transition amplitude given in Eq. (5). The prediction for deformed nuclei is qualitatively the same as that of the CCBA.
For the two-neutron transfer reaction leading to .the 2/ state, the amplitude for the _direct process, T<u, varies in accordance with the amplitude of the form factor F 2 (R). The amplitudes of the two-step processes, Tp < 2 > and Tt < 2 >, are expected to vary with the amplitude of .a product {32@F0 (R). As has been discussed in the previous section, the sign of the quadrupole deformation (32oc ft/P2 (x) dx is always positive between closed shells, while the relative sign of the form factors, F 0 (R) and F 2 (R), coincides with that of P0 (!1) and P2 (tt) and changes once in the middle of the major shell. The argument 11(1>11>0) is a decreasing function of the neutron number N between closed shells. Hence we expect the same neutron number dependence of the .interference between the direct and two-step processes as the one predicted in the case of the collective vibrational nuclei: 8 l• 8 l At the beginning of the major shell, ·the nature of interference is destructive. However, as the particles fill the shell, it becomes constructive. The constructive nature continues till the shell is clos'ed. In the middle of the shell the two-step processes dominat~ the. cross section .
. For the Og + state, the leading order two-step amplitude may vary with that of a product {12@F2(R)ocP2(!1)J/P2(x)dx as a function of N. Then the nature of interference between the direct and two-step processes is the same as that of the 21 + case. The nature of interference also changes in the riddle of the shell, where the direct process dominates the cross section. For the higher spin state, higherorder multi-step processes compete with the direct and two-step processes, which makes the situation obscure.
Since the· transition amplitudes for the two-step processes in Eq. (5) include the non-local and energy-dependent Green's functions, the prediction may in general depend on the incident energy of the reaction. However, the above statement on the interference seems weakly dependent on the incident energy. In fact it has been partially exemplified by the two-neutron transfer data at EP=l9 and 52 MeV cited in Fig. 3 .
Finally we would like to make some comments on the nature of interference for the case of spherical and deformed nuclei. For well-deformed nuclei, the magnitudes and signs of the !orm factors F. Clr~I,) for the two-neutron pick-up and stripping processes coincide with each other. Hence the similar nature of interference for the final state with a fixed spin may be observed in (p, t) and (t, P) reactions. However, the situation is somewhat complicated for the spherical nuclei.6> The signs of the amplitudes of the form factors F.(O/~J..n in those two types of reactions are opposite to each other for the excitation of two-quasiparticle states including moderately collective states. Here we have employed a phase convention for the nuclear states that the amplitudes of the products f]/.'g;F 0 (Ou + ~ Ou +) are set to be of the same sign. Thus a quite different nature of the interference can be expected in those two types of reactions. It should also be noted that a transient feature from the latter two-quasiparticle case to the former deformed case can be expected for the collective vibrational states due to the effects of the ground state correlations. A discussion for the quadrupole vibrational case is found in Ref. 6 ) .
